؊/؊ mice that lack surface and secretory IgM but maintain normal B-cell functionality and isotype class switching. Following intraperitoneal inoculation with the virulent RH strain, IgM ؊/؊ mice displayed significantly fewer peritoneal parasites than wild-type (WT) mice, which correlated with increased tachyzoite dissemination to the liver, lung, and spleen in IgM ؊/؊ mice compared with WT mice. Early splenic T-cell activation, as measured by CD69 expression, was augmented in IgM ؊/؊ mice, and serum and peritoneal cavity gamma interferon levels were also elevated in IgM ؊/؊ mice compared with WT controls. Consequently, the difference in parasite dissemination was not attributable to an impaired proinflammatory immune response in the IgM ؊/؊ mice. Specific IgM was found to bind to tachyzoites in vivo in WT mice, and this correlated with an increased ability of antiserum collected from WT mice at day 6 postinfection to block tachyzoite cell invasion, compared with comparable serum collected from IgM ؊/؊ mice at the same time point. Tachyzoite invasion of host cells was similar if parasites were incubated with WT or IgM ؊/؊ nonimmune serum, suggesting that natural IgM does not function to limit parasite dissemination during early T. gondii infection. Our results highlight an important role for parasite-specific IgM in limiting systemic dissemination of tachyzoites during early acute T. gondii infection.
Toxoplasma gondii is an obligate intracellular protozoan parasite of significant public health importance, being a major cause of congenital infection and abortion as well as a significant and often fatal infection in the immune compromised. The early acute stage of infection is characterized by widespread tachyzoite dissemination and tissue damage. The rapid onset of cellular immunity controls parasite replication, causing encystment of the parasites in skeletal muscle and the central nervous system, forming the life-long chronic stage of infection (reviewed in reference 26). T. gondii tachyzoites are found only transiently in the extracellular milieu as they invade new host cells. As is typical for intracellular parasites, protection against both acute and chronic disease is mediated primarily by type 1 responses, with CD8 ϩ T cells playing the most significant role (34, 40, 41) . Thus, SCID mice can survive early acute infection via gamma interferon (IFN-␥) production by NK cells but ultimately succumb during late acute infection with uncontrolled parasite replication (17, 18, 38) . Depletion of CD4 ϩ and CD8 ϩ T cells during chronic infection results in parasite reactivation and the development of toxoplasmic encephalitis (1, 5, 12) . Protection during acute infection is correlated primarily with IFN-␥ production by CD8 ϩ T cells, rather than granule-dependent cytolytic pathways; however, perforin-dependent cytolytic mechanisms are protective during chronic infection (9, 40) . Although cell-mediated immunity is important during T. gondii infection, a number of studies have also highlighted the importance of antibody during infection. Thus, antibodies are required for effective vaccination against virulent RH challenge (37) and in the prevention of toxoplasmic encephalitis during chronic infection (21, 23) . Opsonization of tachyzoites with specific and nonspecific antibodies may also enhance neutrophil toxoplasmastatic activity, prevent the suppression of macrophage proinflammatory cytokine production, and increase phagolysosomal fusion and parasite killing of macrophages (4, 7, 24, 43) . In vitro experiments have shown that antibodies to T. gondii apical membrane antigen 1 (AMA-1) and the major tachyzoite surface antigens, SAG-1 and SAG-2, can inhibit cellular invasion (14-16, 28-30, 42) and activate the complement cascade, which can kill tachyzoites (11, 39) .
Studies on the importance of antibody during T. gondii infection have almost entirely focused on the role of immunoglobulin G (IgG) isotypes. Consequently, the importance of antibody during early acute infection is still unclear. Natural IgM is an important link between the innate and specific immune responses through its ability to trap and increase the immunogenicity of pathogens early during infection and by enhancing filtration in the spleen (reviewed in reference 32). Thus, the early neutralizing and agglutination capacity of IgM is important during lymphocytic choriomeningitis virus, vaccinia virus, vesicular stomatitis virus, influenza virus, and Listeria monocytogenes infection, where natural IgM prevents early pathogen dissemination and reduces microbial/viral titers in the blood and peripheral organs (2, 3, 13, 31) . Injection of natural IgM also causes maturation of the IgG response in secretory IgM-negative mice, indicating that natural IgM is in part required for the development of the specific response (6, 10, 25) . With specific relevance to T. gondii infection, IgM has been shown to increase tachyzoite killing by neutrophils (24) and is a potent activator of complement that may be toxoplasmocidal (22) . However, the in vivo significance of IgM remains to be defined.
In the present study, therefore, we have investigated the importance of IgM during acute T. gondii infection by utilizing IgM Ϫ/Ϫ mice, which retain normal B-cell function and isotype switching but lack surface and secreted IgM (27) . IgD replaces IgM as the primary antibody produced during the humoral response in IgM Ϫ/Ϫ mice, and all B-cell receptors are comprised of IgD in place of IgM. We demonstrate that while no significant role for natural IgM was found, T. gondii-specific IgM prevents cellular invasion and limits tachyzoite systemic dissemination during early acute T. gondii infection.
MATERIALS AND METHODS

Mice. IgM
Ϫ/Ϫ mice on the BALB/c background, engineered as described previously (27) , were bred and maintained at the University of Strathclyde and the Trudeau Institute under barrier conditions. Age-and sex-matched BALB/c mice (hereafter referred to as wild-type [WT] mice) were used as controls.
Infections. IgM Ϫ/Ϫ and WT mice were infected intraperitoneally (i.p.) with 100,000 tachyzoites of the virulent RH strain. In separate experiments, mice were infected with 200,000 green fluorescent protein-expressing RH tachyzoites (RH-GFP) parasites. Tachyzoites were obtained from continuous in vitro culture (37) . Mice were killed on day 6 or earlier of infection, and extracellular peritoneal tachyzoite burdens were ascertained microscopically using a hemocytometer. Parasite dissemination into the liver, lung, and spleen as well as total peritoneal parasite numbers were determined by Taqman analysis or by flow cytometry (RH-GFP parasites) as stated.
Cytokine ELISA. Cytokines were measured as previously described (35) . Briefly, rat anti-mouse interleukin-12 (IL-12) (P40/P70; clone C15.6; BD Pharmingen, San Diego, Calif.), rat anti-mouse IL-10 (clone JES5-2A5; BD Pharmingen), and rat anti-mouse IFN-␥ (clone R4 6A2; BD Pharmingen) were used as capture antibodies at concentrations of 10 g/ml, 1 g/ml, and 2 g/ml in 0.5 M Tris-HCl, pH 8.9, buffer, respectively. Fifty microliters of capture antibody was added to each well, and plates were incubated overnight at 4°C. Following blocking with 10% skimmed milk (IFN-␥ enzyme-linked immunosorbent assay [ELISA]) or 2% bovine serum albumin (IL-10 and IL-12 ELISAs), 50-l aliquots of samples were applied undiluted or at a 1/10 dilution. Murine recombinant IL-12 (P70; BD Pharmingen), murine recombinant IL-10 (BD Pharmingen), and murine recombinant IFN-␥ (BD Pharmingen) were used as standards at concentrations of 0 to 8 ng/ml. Following 2 h of incubation at 25°C, 100 l biotinlabeled secondary antibody, rat anti-mouse IL-12 (P40/P70) monoclonal antibody (MAb) (clone C17.8; BD Pharmingen) at 1 g/ml, rat anti-mouse IL-10 MAb (clone SXC-1; BD Pharmingen) at 2 g/ml, or rat anti-mouse IFN-␥ MAb (clone XMG1-2; BD Pharmingen) at 0.5 g/ml was added in 2% bovine serum albumin-PBS, pH 7. After 1 h of incubation, 100 l streptavidin-alkaline phosphatase (BD Pharmingen) was added at a dilution of 1/2,000 to each well, after which 100 l of p-nitrophenyl phosphate at 1 mg/ml (Sigma-Aldrich, St. Louis, Mo.) in alkaline substrate buffer (Sigma-Aldrich) was added to each well. Once a color change developed, the absorbance was read at 405 nm (SpectraMax 190; Molecular Devices).
Real-time PCR. Tissue IFN-␥, IL-12, and T. gondii SAG-1 (P30) mRNA levels were determined by real-time PCR (Taqman) normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as previously described (19, 20) . T. gondii parasite burdens were calculated using a standard curve previously produced by adding known quantities of tachyzoites to tissue and then preparing cDNA. Primer and probe sequences as previously described (33) ϩ and CD8 ϩ T-cell activation during virulent T. gondii infection were investigated by flow cytometry. On day 5 of infection, spleen cells were stained with anti-CD4 (GK1.5), anti-CD8 (Ly-2), anti-CD69 (H1-2F3), and anti-CD44 (1M7). Comparisons of the numbers and frequencies of peritoneal cells in WT and IgM Ϫ/Ϫ mice during RH infection were performed on days 3, 4, 5, and 6 of infection using anti-Ly-6G (Gr-1), anti-F4-80 (BM8), anti-NK 1.1 (PK136), anti-CD19 (6B5), anti-CD4 (GK1.5), anti-CD8 (Ly-2), and anti-CD44 (1M7). All antibodies were purchased from Pharmingen or E-biosciences (San Diego, Calif.).
Assessment of complement-mediated tachyzoite killing. Complement-mediated killing was evaluated using the Sabin-Feldman dye test (36) . Live tachyzoites stain blue after incorporation of the dye, whereas dead parasites remain unstained. RH strain tachyzoites were obtained from the peritoneal cavity of 2-day-infected mice. Fifty microliters of inactive IgM Ϫ/Ϫ or WT plasma (heated at 56°C for 30 min) was distributed in a 96-well plate, and dilutions of 1/10 to 1/10,000 were performed using PBS, pH 7.2. Fifty microliters of tachyzoite suspension (5 ϫ 10 7 /ml) was added to each sample well. Fifty microliters of complement suspension (guinea pig whole complement sera; Sigma) was then added to each sample well. The plate was incubated at 37°C for 1 h. Following incubation the plate was stored on ice until the assay was complete. Live and dead tachyzoites were differentiated using Sabin-Feldman dye (0.25% methylene blue in alkaline soda-borax buffer [9.73 ml of 0.53% Na 2 CO 3 plus 0.27 ml of 1.91% Na 2 B 4 O 7 · 10H 2 O]). Quantification was carried out using a hemocytometer.
Determination of antibody-parasite binding. The presence of IgM in WT mice that could bind to tachyzoites in vivo by day 5 of infection was demonstrated in two ways. The first method counted antibody-coated parasites obtained directly ex vivo. RH tachyzoites were harvested from the peritoneum of IgM Ϫ/Ϫ and WT mice on day 5 of infection and were subsequently stained with anti-T. gondiibiotin (CR1241RB; Cortex Biochemicals), followed by streptavidin-phycoerythrin (PE), and with either fluorescein isothiocyanate (FITC)-labeled antimouse IgM, IgG1, or IgG2a. In vitro culture-derived RH tachyzoites were utilized as negative controls. The second method determined the presence of IgM in serum that could bind tachyzoites. RH tachyzoites, obtained from in vitro culture, were incubated with WT or IgM Ϫ/Ϫ nonimmune serum or day 5 antiserum at 1:10 or 1:50 dilution for 20 min, washed, and stained with FITC-labeled anti-mouse IgM, IgG2a, or IgG1 as well as anti-T. gondii-biotin (followed by streptavidin-PE). Parasites were treated with Fc block (24G.2) before incubation with specific antibody.
Antibody inhibition assay. The ability of antibody to limit tachyzoite cellular invasion was investigated as previously described (37) Briefly, 5 ϫ 10 4 RH-GFP were added to an HS-68 fibroblast monolayer in the presence or absence of 10% IgM Ϫ/Ϫ or WT nonimmune serum or day 5 to 6 antisera. Following 24, 48, and 72 h of incubation, HS-68 cells were trypsinized and the percentage of RH-GFPinvaded cells was determined via flow cytometry.
Statistics. Statistical significance was determined using Student's t test unless otherwise stated, with a P value of Ͻ0.05 taken as significant.
RESULTS
Comparison of parasite burden in WT and IgM
؊/؊ mice after T. gondii infection. WT mice displayed significantly elevated numbers of peritoneal extracellular tachyzoites on day 6 of RH infection, compared with IgM Ϫ/Ϫ mice (P Ͻ 0.05) (Fig.  1A) . Before day 6, the numbers of extracellular tachyzoites in WT and IgM Ϫ/Ϫ mice did not differ significantly (results not shown). The difference on day 6 was independent of sex, as male and female WT mice displayed significantly greater extracellular tachyzoite numbers than IgM Ϫ/Ϫ male or female mice (results not shown). However, IgM Ϫ/Ϫ mice did not succumb to virulent T. gondii infection more rapidly than WT mice (Fig. 1B) .
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Tachyzoite numbers were also quantitated by Taqman analysis, which measured levels of transcripts of the tachyzoite surface antigen, SAG-1 (P30), and by flow cytometry, using RH-GFP. Taqman analysis of peritoneal cavity contents revealed that WT mice had consistently higher levels of parasite mRNA than IgM Ϫ/Ϫ mice on day 6 of infection ( Fig. 2A ), but not on days 3, 4, or 5 ( Fig. 2B) . In agreement, significantly increased frequencies of GFP-fluorescing events were observed in the peritoneum of WT mice, compared with IgM Ϫ/Ϫ mice, on day 6 of infection with RH-GFP parasites (Fig. 2C) . Interestingly, the most dramatic difference was observed when comparing the numbers of RH-GFP parasites in gates that excluded host cells by forward and side scatter but which included extracellular tachyzoites. Thus, although the frequency of GFP-positive cells was significantly higher in WT mice on day 6 compared with IgM Ϫ/Ϫ mice (P ϭ 0.019), the difference was particularly evident when gates were set on small noncellular events (P ϭ 1.93 ϫ 10 Ϫ06 ). This suggests that tachyzoites were maintained extracellularly to a higher degree in WT mice than in IgM Ϫ/Ϫ mice. To investigate whether the reduced numbers of peritoneal parasites observed in IgM Ϫ/Ϫ mice during virulent infection were the result of increased systemic dissemination to other tissues, we determined the relative numbers of tachyzoites in the liver and lungs of infected mice via Taqman and flow cytometry. Taqman analysis revealed elevated dissemination to the lung and liver in IgM Ϫ/Ϫ mice compared with WT mice, with significantly increased frequencies of infected cells in the liver and lungs found on day 6 of infection (P Ͻ 0.01) (Fig.  2D ), but not before in the liver (Fig. 2E ) or lungs (results not shown). Similarly elevated levels of disseminated parasites were seen by day 6 of infection by flow cytometry (Fig. 2F) . Significantly elevated frequencies of parasitized cells were also observed in the spleen of IgM Ϫ/Ϫ mice on day 6 of infection (P Ͻ 0.003), but no difference was observed in blood (results not shown).
Evaluation of immunity in IgM ؊/؊ and WT mice during infection. The difference in parasite dissemination observed in IgM Ϫ/Ϫ mice following virulent T. gondii infection was consistent with a direct functional role for IgM in preventing cellular invasion at the site of infection, thereby lessening dissemination of parasites within host cells to distant sites. However, the number, frequency, and activation state of peritoneal cells in IgM Ϫ/Ϫ mice could also influence tachyzoite numbers. To address this possibility, the numbers of peritoneal cells on days 3, 4, 5, and 6 of virulent infection were determined, and markers of early activation of CD4 ϩ and CD8 ϩ T cells in the peritoneal cavity and spleen were evaluated. There was no significant alteration in the absolute number of peritoneal cells in IgM Ϫ/Ϫ mice compared with WT mice on days 3, 4, 5, or 6 of infection (Fig. 3A) , and numbers of Gr-1 ϩ , CD19 ϩ , F4-80 ϩ , and NK1.1 ϩ cells were similar in both groups (results not shown). The numbers of CD69 hi spleen-derived CD4 ϩ and CD8 ϩ T cells were significantly higher in IgM Ϫ/Ϫ mice on day 5 of infection compared with WT controls (P Ͻ 0.05) (Fig. 3B and  C) . This was attributable both to greater splenomegaly and increased frequencies of activated cells in the IgM Ϫ/Ϫ mice. Similarly, on day 9 of infection, more activated CD4 ϩ and CD8 ϩ T cells were found in the peritoneal cavity and spleen of IgM Ϫ/Ϫ mice (P Ͻ 0.05). This was attributable to elevated total cell numbers in IgM Ϫ/Ϫ mice, compared with WT mice, rather than a significant change in the frequency of activated cells (results not shown).
To further assess whether cellular immunity was comparable in WT and IgM Ϫ/Ϫ mice during virulent T. gondii infection, serum and peritoneal exudate IFN-␥, IL-12, and IL-10 cytokine levels were determined, and IFN-␥ and IL-12 mRNA levels in liver, lungs, and peritoneum were measured. Levels of IL-12 and IL-10 protein in peritoneum and serum were comparable in WT and IgM Ϫ/Ϫ mice on days 5 and 6 postinfection (results not shown), and this correlated with equivalent levels of peritoneal IL-12 mRNA in IgM Ϫ/Ϫ and WT mice on days 5 and 6 postinfection (results not shown). Peritoneal IFN-␥ protein levels and peritoneal, liver, and lung IFN mRNA levels were, however, significantly elevated in IgM Ϫ/Ϫ mice on day 6 postinfection (P Ͻ 0.05) (Fig. 4A and B) . Serum IFN-␥ levels were also elevated in IgM Ϫ/Ϫ mice, but the difference was not significant (Fig. 4C) . IL-12 and IFN-␥ liver, lung, and peritoneal mRNA levels and IL-12 and IFN-␥ peritoneal and serum protein levels were also comparable in WT and IgM Ϫ/Ϫ mice on day 9 of infection (results not shown), indicating that cytokine responses were not significantly impaired in the absence of IgM during T. gondii infection.
Comparison of the ability of IgM ؊/؊ and WT antiserum to activate complement and kill tachyzoites. IgM is a potent activator of the classical complement cascade (8) . Therefore, the differential abilities of WT and IgM Ϫ/Ϫ sera to activate complement and kill tachyzoites as a factor contributing to the elevated tissue parasite burdens in IgM Ϫ/Ϫ mice were also investigated. The results showed that tachyzoites derived directly from 2-day-infected mice had the capacity to activate the complement cascade (Fig. 5A) , possibly a result of nonspecific antibody binding to the parasite surface (43) . Nevertheless, parasites obtained from WT and IgM Ϫ/Ϫ mice were similarly able to activate the classical complement cascade, and incubation of parasites with WT and IgM Ϫ/Ϫ nonimmune serum did not enhance parasite killing above the direct ex vivo level witnessed when parasites were incubated with PBS (Fig. 5B) . Thus, natural IgM does not appear to significantly induce parasite killing through the complement cascade. However, incubation of tachyzoites with WT and IgM Ϫ/Ϫ T. gondii antisera and complement resulted in 0% parasite survival at plasma dilutions of 1/10 and 1/100, indicating increased complement fixing ability of antisera compared to nonimmune plasma (Fig.  5B) . No difference in complement fixing ability between WT and IgM Ϫ/Ϫ antisera was observed, highlighting the absence of intrinsic differences between plasma from these mice at activating the classical complement cascade.
Parasite-specific IgM in WT mice. To elucidate the mechanism whereby IgM limits parasite dissemination, the ability of IgM to bind directly to the surface of tachyzoites was first investigated. In preliminary experiments, we determined by ELISA that serum levels of T. gondii-specific IgM were undetectable on days 2 or 3 of infection with RH tachyzoites, rose moderately on day 4, and attained high titers by days 5 and 6 (results not shown). Our results show that a proportion of parasites obtained on day 5 of infection in WT mice have IgM bound to their surface ex vivo (Fig. 6A) . In contrast, parasites obtained from IgM 
IgM
Ϫ/Ϫ mice, suggesting no intrinsic difference in the IgG response during early T. gondii infection (Fig. 6A) . The presence of IgM that can recognize tachyzoites in WT mice during early acute T. gondii infection was further shown by incubating in vitro-derived tachyzoites with WT or IgM Ϫ/Ϫ naïve serum or day 5 antiserum. A high percentage of tachyzoites incubated with WT antisera were positive for membrane-bound IgM when analyzed by flow cytometry (Fig. 6B) . In contrast, no IgM was detected when tachyzoites were incubated with IgM Ϫ/Ϫ sera. In addition, no difference in IgG2a or IgG1 bound to parasites was observed following incubation with IgM Ϫ/Ϫ or WT sera (results not shown).
IgM directly limits cellular entry by tachyzoites. Following the demonstration that IgM directly binds to tachyzoites, the ability of IgM to block cellular entry by parasites was examined. Our results clearly indicate that WT day 5 antiserum is significantly more effective at blocking tachyzoite cellular invasion than IgM Ϫ/Ϫ day 5 antiserum following 24 h and 48 h of incubation (P Ͻ 0.05) (Fig. 7) . No significant difference in the ability of nonimmune IgM Ϫ/Ϫ or WT serum to limit tachyzoite entry was observed, again demonstrating that specific, rather than natural, IgM is important during virulent T. gondii infection.
DISCUSSION
In this study we have demonstrated an important inhibitory role for IgM in limiting tachyzoite host cell invasion and systemic dissemination during virulent T. gondii RH infection. Early T-cell activation and proinflammatory cytokine responses were, if anything, enhanced in IgM Ϫ/Ϫ mice compared with WT controls, suggesting that IgM is protective during T. gondii infection through direct antiparasitic mechanisms, rather than through the initiation of cellular responses. Indeed, IgM was observed to bind directly to tachyzoites in vivo, and WT, but not IgM Ϫ/Ϫ , antiserum significantly reduced the ability of tachyzoites to invade cells. The protective capacity of IgM appears limited to specific IgM, rather than natural IgM, as no difference in parasite invasion was observed using WT or IgM Ϫ/Ϫ nonimmune serum. The increased extracellular tachyzoite burdens observed in the peritoneum of WT mice on day 6 of virulent T. gondii infection, although initially surprising due to our hypothesized protective role for IgM during T. gondii infection, are in fact in agreement with previous reports that have highlighted the ability of antibody to prevent tachyzoite host cell invasion (14) (15) (16) (28) (29) (30) . We determined that the increased extracellular tachyzoite counts in WT mice compared with IgM Ϫ/Ϫ mice were a direct consequence of increased cellular invasion and dissemination in IgM Ϫ/Ϫ mice. Real-time PCR as well as flow cytometry analysis highlighted the important role of IgM in limiting tachyzoite systemic dissemination during virulent T. gondii infection. IgM Ϫ/Ϫ mice exhibited significantly elevated frequencies of RH-GFP-positive cells in the liver, lung, and spleen compared with WT mice. However, total cell numbers in tissues were comparable in WT and IgM Ϫ/Ϫ mice; thus, there were more cells harboring tachyzoites in IgM Ϫ/Ϫ mice. Furthermore, Taqman analysis using non-GFP-expressing RH parasites also consistently revealed increased systemic dissemination in IgM Ϫ/Ϫ mice. Peritoneal parasite levels and systemic dissemination were similar in WT and IgM Ϫ/Ϫ mice prior to day 6 of infection, which was probably associated with the failure of WT mice to produce significant quantities of T. gondii-specific IgM earlier than day 5 of infection.
The results of this study suggest that IgM plays a direct functional role during virulent T. gondii infection by interfering with tachyzoite invasion. However, IgM has been reported to activate the complement cascade and enhance early specific cellular responses (8, 10 Ϫ/Ϫ nonimmune sera were equally inefficient at blocking parasite cellular entry, showing that despite the importance of natural IgM during a number of infectious diseases (2, 13, 31), it does not significantly contribute to protection during virulent T. gondii infection. B cells and antibody have previously been shown to be required for effective vaccination against virulent T. gondii infection, as vaccinated MT mice exhibit significantly higher tachyzoite burdens than similarly vaccinated WT control mice during RH challenge (37) . These results highlight an important role for antibody in controlling RH tachyzoite entry of host cells and systemic dissemination during a challenge infection, where IgG isotypes are the predominant serum antibody. Therefore, although a protective role for IgG isotypes during T. gondii infection has previously been shown, our results are the first to clearly demonstrate that in a primary infection, IgM plays an important protective role before the IgG responses develop.
Studies have previously shown that antibodies to Toxoplasma gondii AMA-1, SAG-1, and SAG-2 are able to limit tachyzoite cellular invasion by blocking the initial attachment of the parasite to the host cell (14) (15) (16) (28) (29) (30) . Although we have not identified the antigen that specific IgM recognizes on the tachyzoite surface, given the results from previous studies, it is possible that the target of T. gondii-specific IgM may be one of those antigens. Accordingly, antibodies against SAG1 have been shown to be directly protective in vivo. SAG-1-specific IgA antibodies are produced in the intestine following peroral infection and serve to inhibit infection of host cells and protect the mucosal surface (28) . Surprisingly, IgM Ϫ/Ϫ mice, in spite of displaying significantly elevated parasite systemic dissemination during virulent T. gondii infection, did not succumb to infection more rapidly than WT mice. However, elevated IFN-␥ levels and augmented early CD4 ϩ and CD8 ϩ T-cell activation were evident in IgM Ϫ/Ϫ mice compared with WT mice. Thus, the increased proinflammatory responses may have been sufficient to prolong the survival of IgM Ϫ/Ϫ mice despite elevated parasite burdens.
In summary, we have shown a significant modulatory role for specific IgM during early infection with virulent T. gondii. Lessextensive parallel studies using mice infected with mildly virulent strain ME49 or Beverly parasites revealed similarly augmented systemic dissemination of parasites in IgM Ϫ/Ϫ mice (results not shown). Thus, IgM is required to limit parasite entry of host cells and to reduce systemic dissemination. Our results underline the importance of antibody during virulent T. gondii infection and highlight a previously unreported early protective role for IgM during this infection.
